Introduction
The Kemik-Thomson Play was defined to encompass a potential set of undiscovered oil and gas accumulations in the Lower Cretaceous Kemik Sandstone and Thomson sandstone (informal term) in the northeastern part of the Central North Slope of Alaska ( fig. 1 ). The Kemik-Thomson Play is bounded to the north by the Alaska State waters-Federal waters boundary, to the east by the boundary with the 1002 area of the Arctic National Wildlife Refuge (ANWR), to the south by the boundary with the Beaufortian Structural Play, and to the west by the boundary with the Kuparuk Sandstone Play ( fig. 1 ). The Kemik-Thomson Play comprises 1,803,516 acres, of which 1,476,683 acres are onshore in the Central North Slope and 326,833 acres are in the Alaska State waters.
The purpose of this paper is to present the geologic model that formed the basis for the assessment of undiscovered oil and gas resources in potential Kemik and Thomson sandstone reservoirs in the northeastern part of the Central North Slope and to document the geologic input parameters for the assessment. The geologic model is based on reservoir sedimentology and quality, trap types and timing, potential seals, and current knowledge of the petroleum systems in this play.
Late Jurassic-Early Cretaceous Evolution of the Northern Alaska Continental Margin
Several coeval Lower Cretaceous sandstones were deposited on the Lower Cretaceous unconformity (LCU) along the Alaskan North Slope; the Kemik Sandstone, Thomson sandstone, Kuparuk "C" sandstone, and the Put River Sandstone are the principal stratigraphic units ( fig. 2 ). The Kuparuk "C" sandstone and Put River Sandstone occur west of the Kemik-Thomson Play area (Carman and Hardwick, 1983; Halgedahl and Jarrard, 1987; Masterson and Paris, 1987) . The Kemik Sandstone, in particular, has been examined in the field since the first geological studies in the Central North Slope area (Leffingwell, 1919; Keller and others, 1961; Detterman and others, 1975) . The source of these sandstones is generally considered to be a landmass that existed to the north prior to continental rifting, and the sandstones are generally included as part of the Jurassic-Lower Cretaceous Beaufortian stratigraphic sequence ( fig. 2) .
Deposition of the Kemik Sandstone, Thomson sandstone, and coeval units such as the Kuparuk "C" sandstone and the Put River Sandstone is closely linked to the tectonic evolution of the margin of northern Alaska in Late Jurassic and Early Cretaceous time (Carman and Hardwick, 1983; Noonan, 1987) . The north margin of Alaska was a stable platform through much of Paleozoic to Late Jurassic time, a period during which crustal doming related to a presumed thermal anomaly in the mantle resulted in the formation of a pre-rift uplift called the Barrow Arch (Carman and Hardwick, 1983) and its eastern extension known as the Mikkelsen High ( fig. 1 ). The Kuparuk "C" sandstone and the Put River Sandstone occur west of the play area. Four petroleum systems defined by Magoon and others (2003) in this part of the Alaskan North Slope were combined into one composite petroleum system for this assessment.
With uplift in the Early Cretaceous came widespread erosion of the Ellesmerian sedimentary section, beginning with the Kingak Shale and extending down to the Lisburne Group and to Franklinian-age basement in some areas ( fig. 2 ) such as on the crest of the Mikkelsen High ( fig. 1 ). Axial metamorphism within the uplifted area resulted in a tensional regime, which caused partial collapse of the axial part of the Barrow Arch, and the formation of a wide zone of horst and graben structures that trend in the same northwest-southeast direction as the arch (Carman and Hardwick, 1983; Hubbard and others, 1987) . The horsts were local sources of sediment, primarily eroded Ellesmerian and pre-Carboniferous strata, and the grabens and half-grabens were sediment traps. The sediments that accumulated in these structures were considered to be in a sequence termed the "Barrovian" by Carmen and Hardwick (1983; after the Barrow Arch), and the "Kup River" sequence by Noonan (1987) , rather than being included with the underlying Ellesmerian sequence. Studies of similar-age, rift-related rocks in the offshore resulted in the naming of the Beaufortian sequence. Subaerial erosion resulted in a system of incised valleys or drainages along the flanks of the Barrow Arch (and its easterly extension, the Mikkelsen High). As rifting progressed to crustal breakup and sea-floor spreading, the uplifted area subsided, and a widespread transgression occurred across the Barrow Arch. Parts of the Kuparuk "C" sandstone and the Kemik Sandstone and Thomson sandstone were deposited during this transgressive event. The Lower Cretaceous Pebble Shale unit was deposited at the culmination of this transgression. These rift-related sediments were then onlapped from the southwest by prograding units of the Brookian sequence that resulted from structural movements related to the Brooks Range orogen in the south. Progressive northward erosion of the LCU is illustrated by the subcrop map on the LCU ( fig. 3 ). As erosion progressed, older units were exposed from south to north toward the Mikkelsen High, at the crest of which Franklinian-age basement rocks were also exposed during development of the LCU. This pattern of erosion is critical for the KemikThomson Play, because sediment derived from the Franklinian-age rocks, Kekiktuk Conglomerate of the Endicott Group, and rocks of the Lisburne Group and Sadlerochit Group ( fig. 2 ) might have formed coarse-grained reservoirs in the play.
Triassic-Tertiary Composite Petroleum System
Six petroleum systems were previously defined on the Alaskan North Slope-in ascending stratigraphic order the Kuna-Lisburne, Shublik-Ivishak, Kingak-Alpine, GRZNanushuk, Hue-Thomson, and Canning-Sagavanirktok petroleum systems (Magoon and others, 2003) . The ShublikIvishak, Kingak-Alpine, Hue-Thomson (including the pebble shale unit), and Canning-Sagavanirktok petroleum systems might have contributed petroleum to Kemik and Thomson reservoirs within the Kemik-Thomson Play of the Central North Slope area (Magoon and others, 1998; . In our assessment of undiscovered resources in this play, we combined all of these systems into one-the Triassic-Tertiary Composite Petroleum System, as explained herein.
Thermal maturity data show that source rocks in the Shublik, Kingak, Hue, and pebble shale unit are thermally mature for oil throughout the Kemik-Thomson Play area (Magoon and others, 2003) , but are thermally mature for gas in the southern part (figs. 4, 5) . Modeling has shown that generation and migration of petroleum possibly occurred between 80 and 35 Ma in these source rocks in the central part of the North Slope (Magoon and others, 2003) . Source-rock facies of the Canning Formation ( fig. 2 ) offshore from the play area reached maturity from 10 Ma to the present, and petroleum might have migrated onto the Mikkelsen High.
Of the four major source rocks considered in the KemikThomson Play, the most likely sources for significant volumes of petroleum appear to be mudstones within the Lower Cretaceous Hue Shale and pebble shale unit (Magoon and others, 2003) . These strata lie immediately above the Kemik Sandstone and Thomson sandstone, and the Hue Shale is thermally mature over much of the play area (figs. 6, 7). We interpret the source rocks in what were defined by Magoon and others (2003) as the Kuna-Lisburne Petroleum System and the GRZNanushuk Petroleum System as not having contributed much petroleum to this play because of the location of the mature facies of the source rocks and the migration distances required to reach reservoirs.
Petroleum generated from source rocks in the ShublikIvishak, Kingak-Alpine, and Hue-Thomson Petroleum Systems of Magoon and others (2003) is postulated to have migrated up the structural dip into Kemik Sandstone and Thomson sandstone reservoirs along the crest and flanks of the Mikkelsen High ( fig. 1) . A strong possibility that mixing of petroleum occurred is indicated by analysis of oil samples and the similar pathways the petroleum would have followed from each of these sources. For example, several of the samples used to define the Hue-Thomson Petroleum System are cited as mixtures of petroleum from the Shublik, Kingak, and Hue stratigraphic intervals, or from the Hue and Shublik (Magoon and others, 2003) . The Canning-Sagavanirktok Petroleum System of Magoon and others (2003) occurs offshore, and petroleum from mature Canning Formation source rocks might have migrated updip from the north to the south into Thomson reservoirs along the crest of the Mikkelsen High ( fig. 1) .
Because of potential mixing from different source-rock units, we defined the Triassic-Tertiary Composite Petroleum System on the basis that multiple sources might have contributed to petroleum accumulations in reservoirs of the KemikThomson Play. The boundary of this composite petroleum system is not known with certainty, but is defined as not only including the Kemik-Thomson Play of the Central North Slope but also the Kemik Play and the Thomson Play of the ANWR 1002 area ( fig. 8 ) that were assessed in 1998 (Schenk and Houseknecht, 1999 a, b, c) . The westward extent of the composite petroleum system has not been determined. 
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Kemik Sandstone and Thomson Sandstone
The Thomson sandstone is known only from wells drilled in the Point Thomson Field, and the term is restricted to that local area. The Kemik Sandstone is known from exposures in ANWR and in the Central North Slope area, and from several wells in the latter area that have penetrated the KemikThomson interval ( fig. 1 ). The following sections describe what is known of the detrital composition, reservoir quality, and sedimentology of these two units.
Detrital Composition
The Kemik Sandstone has historically been differentiated from the Thomson sandstone on the basis of detrital composition. The Kemik Sandstone is generally a very fine to fine grained lithic arenite to quartz arenite, with varying percentages of chert and metamorphics as lithic grains (Reifenstuhl, 1995) . The Thomson sandstone, in contrast, is characterized by a large percentage of carbonate lithic grains (Gautier, 1987) , and is classified as a carbonate-lithic arenite (Reifenstuhl, 1995) . The compositional differences are related to provenance; the Kemik Sandstone is interpreted most likely to have been sourced by siliciclastic rocks of the Permian-Triassic Sadlerochit Group (mainly the Ivishak Formation) and chert of the Carboniferous Lisburne Group, whereas the Thomson sandstone was most likely sourced by Franklinian-age carbonates and possibly by the Lisburne Group on the Mikkelsen High.
For our assessment, a more general definition of the Kemik Sandstone was applied using the subcrop map of the LCU ( fig. 3 ). The Thomson terminology in this study is restricted to the area of the Point Thomson Field ( fig. 1 ) and along the crest of the Mikkelsen High, but the Kemik Sandstone was expanded to include any coarse-grained detritus deposited on the LCU, regardless of composition, that occurs in the play area away from the immediate vicinity of Point Thomson Field. For example, if erosion of Lisburne Group or Kekiktuk Conglomerate of the Endicott Group led to the accumulation of coarse-grained sediment that was concentrated on the LCU, the term Kemik Sandstone was applied to that deposit. The distribution of rock underlying the LCU ( fig. 3 ) illustrates that the Thomson terminology applies to the area underlain by Franklinian-age rocks, which are mainly carbonates, whereas coarse-grained Kemik facies are potentially developed from erosion of Endicott Group, Lisburne Group, and Sadlerochit Group rocks, which range from carbonate to siliciclastic in composition. This informal definition expands the use of Kemik Sandstone from a strictly siliciclastic composition.
Samples from the Thomson sandstone in the Point Thomson Field area illustrate the types of compositions and textures that we believe to be representative of both the undiscovered Kemik Sandstone and Thomson sandstone reservoirs in the Kemik-Thomson Play ( fig. 9 ). The key point is that coarsegrained facies of the Kemik Sandstone and Thomson sandstone that are preserved on the LCU ( fig. 2 ) must retain adequate porosity, either primary or secondary, to contain the volume of petroleum required to form the minimum accumulation size (5 million barrels of oil, MMBO) that was considered for this assessment.
Reservoir Quality
Most of the information on reservoir quality of the Kemik Sandstone comes from outcrop samples, which generally exhibit low porosities (range 0.8 to 14.1 percent, averaging 5.3 percent; Knock, 1987a, b; Reifenstuhl, 1995) and low permeabilities (range 0.00012 to 0.0157 mD). Porosity in the few subsurface samples analyzed ranged from 3.9 to 8.4 percent, with an average of 6.2 percent (Reifenstuhl, 1995) . Slightly higher porosity values were reported by Bird and others (1987) , with porosities ranging from 3 to 10 percent, and averaging 8 percent. All of these samples, however, are essentially from the very fine-to fine-grained sandstones of the Kemik that were not considered to be potential conventional reservoirs in this assessment. Kemik sandstones in the subsurface might be lowpermeability unconventional reservoirs, but these reservoirs were not considered in this assessment.
The Thomson sandstone contains a conglomerate facies and a sandstone facies. The sandstones are very fine to fine grained and well sorted, consisting of detrital dolomite clasts with minor quartz and argillaceous rock fragments. The conglomerate facies consists of boulder-to pebble-size clasts of coarsely crystalline dolomite. Although data are limited and appear to be mainly from the conglomerate facies, the Thomson sandstone reportedly has good to excellent reservoir properties, including porosity as high as 25 percent (average 16 percent), and permeability as much as a darcy or more (Bird and others, 1987; Gautier, 1987) .
Examination of several hundred core-chip samples (at the Geologic Materials Center, Eagle River, Alaska) from wells in the Point Thomson Field has shown that visual porosity estimates of the conglomerate facies commonly are 12 percent or less, but with a few samples estimated as high as 25 percent. These samples comprise granule-to pebble-sized, rounded to subrounded carbonate clasts that exhibit poor to fair sorting. The matrix is typically fine-grained carbonate cement that commonly does not completely fill the pores, thus leaving interconnections between them. There is also some secondary porosity as evidenced by the remains of cement rinds that can be seen around partially dissolved carbonate framework grains. The conglomerate facies has not undergone significant compaction as shown by the slight dissolution at framework grain point-contacts. Many samples from the Exxon Point Thomson #1 well in the Point Thomson Field exhibited a bitumen like residue in the pore spaces. Intercalated with the conglomerates are fine-grained carbonate-lithic sandstones, and quartz and lithic Kemik-like sandstones. Visual porosity in most of these sandstones is less than 10 percent, and a few samples had visual porosity estimated to be about 15 percent. Sorting is typically poor to fair, and the grains are mainly subrounded. Many samples have significant percentages of metamorphic lithic fragments. Several of the sandstones in thin section exhibited replacement of quartz by carbonate. In summary, the very fine and fine grained sandstones of the Kemik Sandstone do not form adequate conventional reservoirs in this play, whereas the Thomson sandstone, with its coarser grain size and potential for secondary porosity appears to exhibit the best reservoir quality. The potential for Kemik Sandstone conventional reservoirs exists only where coarsegrained sands might have resulted from local erosion of various lithologies underlying the LCU, and where the sandstones might have been preserved in incised valleys on the LCU. However, this type of reservoir has not yet been observed in outcrop or encountered in wells that have penetrated the Kemik Sandstone.
Sedimentology of the Kemik Sandstone
A recent interpretation of the Kemik Sandstone places the various facies observed in outcrop into a sequence-stratigraphic context ( fig. 10 ) (Schenk and Houseknecht, 2002) . This interpretation expands upon several interpretations of outcrops of the Kemik Sandstone in the Sadlerochit Mountains, in the Ignek Valley of ANWR ( fig. 3) , and in the Central North Slope (Molenaar and others, 1987; Mull, 1987; Melvin, 1987; Knock, 1986; Reifenstuhl, 1995) .
The Kemik Sandstone is best exposed in the Ignek Valley of ANWR ( fig. 3) , where the sandstone is sharp based, ranges from 30 to 100 ft thick, and has been interpreted as a barrierisland sandstone (Mull, 1987; Reifenstuhl, 1995) or as a marine shelf sandstone (Knock, 1986 (Knock, , 1987a Melvin, 1987; Molenaar and others, 1987) . We agree with the interpretation that the Kemik Sandstone in outcrop represents a shallow marine sandstone based on vertical successions of sedimentary and biogenic structures. The sharp-based Kemik Sandstone exposed in and around Ignek Valley possibly formed 1) during transgression, where the sharp base represents a transgressive surface of erosion, or 2) during a base-level fall in early to late lowstand of sea level, in what has been called a forced regression (Posamentier and Morris, 2000) . Exposures of thin (less than 20 ft thick) Kemik Sandstone, such as the sandstones exposed at Shaviovik ( fig. 3 ) are interpreted as thin, transgressive marine sandstones. Similar thin sandstones are interpreted from the upper part of the well log from the Leffingwell #1 well. Where the Kemik Sandstone is thick (200-300 ft), as in the Leffingwell #1 well, we interpret the Kemik Sandstone as a possible late lowstand to transgressive valley-fill deposit. The thick Kemik Sandstone in the Leffingwell #1 well ( fig. 5 ) could be one such late-lowstand to transgressive valley fill in the Kemik Sandstone ( fig. 10) . No valley-fill deposits have been observed in outcrops of the Kemik Sandstone.
The Kemik Sandstone in the Central North Slope and in ANWR is interpreted as representing a spectrum of marine and marginal-marine facies in a sequence stratigraphic context. The sharp-based marine Kemik Sandstone and the thin transgressive sandstones, although they form the bulk of the outcrop in the southern part of the play area, are considered not to have reservoir properties of sufficient quality to contain a conventional accumulation of minimum size. The facies of the Kemik that we believe to potentially have adequate reservoir properties for a conventional petroleum accumulation is the locally-sourced, coarse-grained valley-fill facies.
An example of such a potential reservoir might be the Kemik Sandstone within the so-called Slugger Unit ( fig. 11) , in which seismic data illustrate dipping reflectors that are interpreted as the Lisburne Group or as the Kekiktuk Conglomerate exhibiting possible erosional topography associated with the LCU. In our interpretation, an incised valley formed by the unconformity is filled in with possible coarse-grained detritus sourced from the Lisburne Group or Kekiktuk Conglomerate, or both, and the potential Kemik Sandstone reservoirs are sealed by the pebble shale unit and possibly by the Hue Shale.
The sedimentary deposits in these valley fills can be complex, ranging from fluvial to marine (Van Wagoner and others, 1990; Dalrymple and others, 1994; Zaitlin and others, 1994) , with the coarse-grained fluvial deposits constituting the main potential reservoirs in the Kemik-Thomson Play. Other facies might serve as reservoirs within incised valleys, including estuarine and marine sandstones. The reservoirs in the Point Thomson Field might represent the proximal, dominantly fluvial facies of the incised valleys on the Mikkelsen High ( fig. 1) .
Sedimentology of the Thomson Sandstone
The Thomson sandstone was deposited on the LCU along the flanks and crest of the Mikkelsen High, and the Thomson terminology has generally been restricted to the immediate area of Point Thomson Field. The Thomson sandstone is known to contain significant quantities of petroleum, reportedly as much as 8 trillion cubic feet of gas and 450 million barrels of condensate in the Point Thomson Field others, 1987, Alaska Department of Natural Resources, 2003) . The stratigraphy of the Thomson sandstone is known only from the interpretation of several well logs in the Point Thomson Field, and its regional distribution is indeterminate. Well logs from the field show a blocky sandstone representing the Thomson interval immediately above the LCU, but the fact that it is not present in every well on the Mikkelsen High indicates its discontinuous nature ( fig. 12) . The blocky log character suggests a relatively uniform set of physical properties through the thickness of the sandstone, possibly representing a thick fluvial section. The Thomson sandstone could possibly be associated with stratigraphic traps, as the sands were deposited in incised valleys associated with the LCU on the Mikkelsen High.
Erosion leading to incised valleys on the Mikkelsen High might have produced channels with gradients descending off the flanks of the uplift, which is not an optimal situation for trapping petroleum. Petroleum migrating from downdip generative areas in the Hue Shale and other source rocks would presumably move up through these valley-fill sandstones, and possibly leak or be degraded before significant trapping occurred. However, bends in sinuous fluvial paleo-valleys might serve as petroleum traps. Coarse-grained clastics within incised valleys form petroleum reservoirs in many areas, such as in the Lower Cretaceous Muddy Sandstone of the Powder River Basin, Wyoming, which we used as a geologic analog for the KemikThomson Play ( fig. 13 ). In this analog, an incised-valley system developed on an eroded surface of the Lower Cretaceous Thermopolis-Skull Creek Shale (Dolton and Fox, 1996) was filled during late lowstand and transgression with sandstones and minor conglomerates. The Muddy Sandstone reservoirs were then covered by the Upper Cretaceous Mowry Shale that serves not only as a top seal to the sandstone reservoirs but is also interpreted as the main source for petroleum.
The oil field-size distribution for the Muddy Sandstone in the Powder River Basin shows that a few large fields on the order of 100 MMBO have been discovered, but most fields are smaller, generally less that about 15 MMBO. Using a minimum accumulation size of 5 MMBO for our Kemik-Thomson Play, and applying the Muddy Sandstone analog, we estimate that about 30 accumulations might be possible in the KemikThomson incised-valley system with the largest accumulation in the range of 100 MMBO.
The Thomson sandstone might have also been deposited in a series of northwest-southeast-trending grabens that (1) formed on the flanks and crest of the Mikkelsen High during the extensional regime associated with rifting, and (2) served as sites for the accumulation of coarse-grained carbonate detritus shed from higher areas flanking them. With continued transgression, mudstones of the Hue Shale and pebble shale unit were deposited and covered the sandstones, serving both as a top seal and a petroleum source. 
KNOWN RECOVERABLE OIL, MILLIONS OF BARRELS DISCOVERY YEAR
Geologic Model for Assessment
Based on the foregoing interpretation, our model for assessing undiscovered oil and gas resources in the KemikThomson Play consists of the following principal elements:
The In the resource assessment process, each assessor is required to describe (1) the geologic attributes of a play (charge, traps/rock, timing) and to assign probabilities to each of these attributes that reflect the chance of there being one accumulation of minimum size (5 MMBO; 100 billion cubic feet of gas, BCFG); and (2) the geologic attributes of the various prospect parameters (including net reservoir thickness, area of structural closure, porosity, potential trap fill, water saturation, trap depth range, and number of prospects) generally used to calculate pore-volume characteristics of a potential prospect (see Appendix 1) . The elements of the geologic model outlined above provide a general framework for detailed discussions of these various attributes (given in the following sections), as they pertain to the Kemik-Thomson Play and the TriassicTertiary Composite Petroleum System. A summary of geologic events and their timing is graphically presented in figure 14. 
Kemik-Thomson Play Attributes
Charge
The main sources of hydrocarbons for reservoirs in the Kemik-Thomson Play are interpreted to be the Hue Shale, the pebble shale unit, and possibly the Kingak Shale (Magoon and others, 2003) . Migration of petroleum from thermally mature facies of the Hue Shale and pebble shale unit would have been either down into underlying Kemik Sandstone reservoirs or laterally into such Kemik and Thomson reservoirs that lay updip along the flanks of the Mikkelsen High. Other possible source rocks include (1) the Triassic Shublik Formation and the Jurassic Kingak Formation, both of which are thermally mature for petroleum generation and are downdip from the postulated reservoirs in this play; and (2) organic-bearing mudstones of the Canning Formation offshore from the Mikkelson High, petroleum from which might have partially sourced reservoirs in the Point Thomson Field and its possible extension. Considerations of the thermal maturity and burial history of the Hue Shale and other source rocks, their maximum burial depths, and kerogen types suggest that 50 percent of the undiscovered petroleum in the Kemik-Thomson Play is probably oil. Charging of Thomson sandstone reservoirs would not require much migration distance because of the close proximity of source rocks. The occurrence of significant hydrocarbons in the Point Thomson Field and the possibility of similar accumulations in the play area provide a justification for the charge probability of 1.0.
Traps/Rock
The principal style of trapping for undiscovered resources in the Kemik-Thomson play area is postulated to be incised valley-fill reservoirs in which petroleum is potentially trapped by the overlying pebble shale unit and Hue Shale mudstones, and by possible sinuosity of the incised valleys. Seismic data also indicate the potential for Thomson sandstone reservoirs to have been deposited in grabens associated with normal-fault displacements of the LCU on the crest of the Mikkelsen High.
Reservoir rocks are lithic-rich Lower Cretaceous Kemik Sandstone and Thomson sandstone, which directly overlie the LCU. Examination of well logs from the Point Thomson area shows that the Thomson sandstone is remarkably uniform in character, ranging from coarse-grained graben fill to a valleyfill facies. The potential exists for Thomson-like reservoirs to have developed in adjacent areas depending on whether carbonate-bearing Franklinian-age basement rocks were present as a sediment source. Reservoirs in the Point Thomson Field give this play a probability of 1.0 for analogous traps and reservoirs.
Timing
The formation of potential reservoirs and stratigraphic traps occurred in the Early Cretaceous (Hauterivian,  fig. 15 ). Significant petroleum generation and migration occurred in the range of 80 to 35 Ma (Peters and others, 2003) , indicating that petroleum migration and accumulation would have followed trap formation ( fig. 15) . Given this scenario, the timing probability was assigned a value of 1.0.
Kemik-Thomson Play Probabilities
The probabilities assigned to the three play elements (charge, trap/rock, timing) were 1.0, given the fact that the Point Thomson Field exists in the Kemik-Thomson Play area. Similar attributes are believed to characterize adjacent areas; hence, we place a probability of 1.0 for the occurrence of at least one undiscovered accumulation of minimum size (5 MMBO; 100 BCFG) within the play area.
Kemik-Thomson Prospect Attributes
Net Reservoir Thickness
Estimates of net thickness of undiscovered Kemik-Thomson oil reservoirs range between 40 ft at the minimum, 100 ft at the median, and 300 ft at the maximum. The maximum thickness of 300 ft reflects the estimation that reservoirs as thick as those in the Point Thomson area may be present elsewhere along and adjacent to the Mikkelsen High (Nelson, 1999 ; his table PP1). The maximum gross measured thickness of the Kemik Sandstone in the play area was logged at 280 ft in the Kemik #1 well, although the Kemik interval in this well might be structurally thickened. The estimated median of 100 ft is less than the average of measured Thomson sandstone thickness from wells within the Point Thomson Field area, but reflects a probable decrease in the topographic relief on the LCU away from the Mikkelsen High toward the southern boundary of the play.
Area of Closure
Estimates for area of closure, based on interpretations of seismic profiles and postulated geometry of stratigraphic traps, are 1,000 acres at the minimum, 3,000 acres at the median, and 20,000 acres at the maximum. The maximum size is based on measurements within the so-called Slugger Unit ( fig. 3 ), which is a lease unit recognized in the northeastern part of the Central North Slope by the Alaska Division of Oil and Gas as potentially having a Kemik Sandstone reservoir. The prominent Kemik Sandstone prospect in the Slugger Unit is estimated to occupy an area of about 4×8 mi, or 32 mi 2 , hence the estimated maximum area of closure of about 20,000 acres. The minimum and median values were based on the sizes of two-dimensional offsets on the LCU, as measured on the seismic profiles, combined with an aspect ratio of 2:1 and an estimation for prospects between seismic lines. The estimates for the sizes of areas of closure were also developed using the concept that prospects could range from a field extension of the existing Point Thomson Field to the Thomson sandstone having several discrete structural and/or stratigraphic accumulations elsewhere in the play area. The field extension concept also helped constrain the area of closure to a maximum of 20,000 acres.
Porosity
The distribution of porosities estimated for undiscovered Kemik-Thomson Play reservoirs is based on the porosity distribution measured in six wells penetrating the Thomson sandstone in the Point Thomson Field (Nelson, 1999; his fig. PP1g ). The minimum, median, and maximum porosities are estimated to be 10 percent, 16 percent, and 26 percent respectively. The maximum of 26 percent reflects the concept that this value would represent the average maximum porosity of a prospect in the Thomson sandstone, 16 percent reflects the measured median, and the minimum of 10 percent porosity is what would be required to form a prospect of minimum accumulation size. Porosity in the Thomson sandstone may be a combination of preserved intergranular porosity and secondary porosity resulting from the dissolution of carbonate lithic grains and cements. Cumulative porosity distributions from well logs in four penetrations of the Kemik Sandstone show median values ranging from 3 to 10 percent (Nelson, 1999) for the very fine-grained sandstone facies. However, this facies of the Kemik Sandstone is not part of the conventional reservoir model for this play, nor did we consider the effect of fracturing on porosity and permeability.
Water Saturation
Water saturation was computed from porosity measurements, assuming a fixed water content of 6 percent that is believed to be representative of very fine-grained sandstones. However, a comparison of water saturation with the Thomson sandstone (which is also 6 percent) indicates that value may characterize a potential coarser-grained facies of the Kemik Sandstone. A water content of 6 percent was computed from geophysical logs in Point Thomson Unit #3 well (Nelson, 1999) .
The Thomson sandstone reservoir at Point Thomson Field may be overpressured, but the degree to which undiscovered reservoirs in the Kemik-Thomson Play may also be overpressured is indeterminate. The value for the Formation Volume Factor (FVF) resulting from the equation in Appendix 1 may represent a minimum owing to a lack of information on the regional pressure regime in the Thomson sandstone.
Trap Fill
Kemik and Thomson sandstone reservoirs are estimated to have high trap fill percentage because of their proximity to Hue Shale source rocks, the relatively small trap size, and the possibility for stratigraphic traps being close to source rocks. The estimated distribution of trap fill-60 percent filled at the minimum, 85 percent filled at the median, and 100 percent filled at the maximum-reflects our interpretation that stratigraphic traps would be nearly filled with oil or gas, especially in view of the fact that the porosity of Thomson sandstones penetrated in the Point Thomson Field is nearly 100 percent saturated with petroleum.
Trap Depth
Estimates for the distribution of undiscovered trap depths is based upon examination and interpretation of all available depth-converted seismic data. For potential oil reservoirs, the distribution ranges between a minimum of 10,000 ft, a median of 14,000 ft, and a maximum of 16,000 ft in the play area. For potential gas reservoirs, the distribution ranges between a minimum of 10,000 ft, a median of 14,000 ft, and a maximum of 18,000 ft in the southern part of the play area.
Number of Prospects
The number of oil prospects estimated for the KemikThomson Play range from a minimum of 30 (Appendix 1), which reflects the most reliable interpretations of the seismic data set, to 60 at the median, which includes estimates for all on-line prospects, and to a maximum of 100, which includes the possibility of stratigraphic traps and possible between-line prospects within and beyond the available seismic-data grid. The estimate of the number of oil prospects was constrained by the suspected limited number of potential reservoirs resulting from decreased erosion on the LCU in the southern part of the play. Also, thermal conditions in that area favored generation of gas. Numbers of gas prospects were estimated to be 30 at the minimum, 60 at the median, and 100 at the maximum. Combining potential prospects for oil and gas, the total number of prospects for the Kemik-Thomson Play is estimated to be 60 at the minimum, 120 at the median, and 200 at the maximum. Given about 120 prospects at the median (60 for oil, 60 for gas; Appendix 1), the prospect probability indicates that 9 percent will be successful, amounting to a total of 10 accumulations, of which 5 are expected to be oil and 5 are expected to be gas.
An important part of the estimation of prospects was the consideration of the Lower Cretaceous Muddy Sandstone in the Powder River Basin, Wyoming, as a geological analog ( fig. 14) . Reservoirs of the Muddy Sandstone have been interpreted as incised valley-fill deposits, with clastic detritus filling topographic relief on an erosional surface cut into the Lower Cretaceous Thermopolis-Skull Creek Shale (Dolton and Fox, 1996) . The Muddy Sandstone reservoirs are a complex association of facies including fluvial, deltaic, and shallow marine sandstones representing transgressive and minor regressive phases of deposition. The source rock is the overlying Mowry Shale, which has the same stratigraphic position with respect to the Muddy as do the pebble shale unit/Hue Shale with respect to the Kemik Sandstone and Thomson sandstone reservoirs. A plot of oil accumulation sizes relative to discovery date for Muddy fields illustrates a typical stratigraphic play in that a few large fields have been found, but most fields are relatively small ( fig. 13 ). Eliminating fields smaller than 5 MMBO (minimum accumulation size for this assessment), about 30 accumulations have been discovered in the Muddy Sandstone. With a success ratio of about 50 percent, the total number of Muddy prospects would roughly have been about 80 or 90. This compares well with the estimation of about 120 prospects at the median in our assessment of the Kemik-Thomson Play.
Kemik-Thomson Prospect Probabilities
For potential oil prospects, the probability that a random prospect in this play would be charged with hydrocarbons was estimated to be 0.9, given that as many as four source rocks may have contributed petroleum. The probability that a random oil prospect having a reservoir that would yield 5 MMBO was assigned a probability of 0.1, and the probability that generation and migration of petroleum occurred after trap and reservoir formation was given a value of 1.0. These probabilities yielded a total prospect probability for oil accumulations in the Kemik-Thomson Play of 0.09, which means that a random prospect has a 9-percent chance of being successful. For gas prospects, the probability for the charging of potential reservoirs was high, at 0.9, but the occurrence of adequate reservoirs was low, at 0.1. The timing for a random prospect was considered to be 1.0. Combined, these provide a gas-prospect probability of 0.09, the same as for oil prospects.
Assessment Results
The assessment results for undiscovered oil and gas resources in the Kemik-Thomson Play of the Central North Slope, Alaska, are shown in table 1, which is reproduced from U.S. Geological Survey Central North Slope Assessment Team (2005) . For the Kemik-Thomson Play, the mean undiscovered oil resource was estimated at 252 MMBO, ranging from a 95-percent chance (F95) of 46 MMBO to a 5-percent chance (F5) of 556 MMBO. The mean undiscovered gas resource was estimated to be 2,762 BCFG, with a 95-percent chance (F95) of 549 BCFG and a 5-percent chance (F5) of 5,933 BCFG. The range of oil and gas resource estimates mainly reflects the geologic uncertainty of adequate reservoirs being present in the play area.
Summary
A geologic model was developed for potential oil and gas accumulations in reservoirs of the Lower Cretaceous Kemik Sandstone and Thomson sandstone in the Central North Slope of Alaska. The validity of the model depends largely on the presence of coarse-grained detritus that accumulated in valleys incised on the LCU during erosion of various stratigraphic units beneath the unconformity, thus forming discontinuous deposits that were then overlain by the pebble shale unit or the Hue Shale, which act as both seals and source rocks. Other potential source rocks for these reservoirs include the Triassic Shublik Formation, Jurassic Kingak Formation, and the Cretaceous-Tertiary Canning Formation, leading to the definition of the Triassic-Tertiary Composite Petroleum System that incorporates the Kemik-Thomson Play. Analysis of all available seismic and well data, in addition to examination of outcrops in the field, led to the distribution of values for geologic parameters for prospects that formed the basis for the resource assessment. Table 1 . Assessment results for undiscovered conventional oil and gas resources in the Kemik-Thomson Play, Central North Slope, Alaska.
[MMBO, million barrels of oil; BCFG, billion cubic feet of gas; MMBNGL, million barrels of natural gas liquids. Results shown are fully risked estimates. Gas volumes associated with oil fields are shown on the "Oil" row and nonassociated gas volumes on the "Gas" row. For gas fields, all liquids are included under NGL (natural-gas liquids) category. F95 denotes a 95-percent chance of at least the amount tabulated. Other fractiles are defined similarly. Fractiles are additive under the assumption of perfect positive correlation. 
Appendix 1.
Geologic input data form for the assessment of the Kemik-Thomson Play. Yellow boxes are those in which geologic input was required from the assessor. The geologic input is used in the calculation of estimated volumes of undiscovered oil and gas resources. 
Alaskan Assessment Form
